Homologous recombination (HR) is
Introduction
The appropriate choice of DNA double-strand break (DSB) repair mechanism is critical for maintenance of genomic stability 1 . During the S and G2 phases of the cell cycle, when sister chromatids become available due to ongoing or completed DNA replication, cells can repair DSBs by HR. Extensive resection of DNA ends commits cells to HR, by generating 3'-DNA overhangs that are the required substrate for the strand-exchange reaction promoted by the RAD51 recombinase 2 .
CtIP (CtBP-interacting protein), also known as RBBP8 (Retinoblastomabinding protein 8) , is an evolutionarily conserved DNA-repair factor with a critical role in HR 3 . It is now well established that a shared function of CtIP and its orthologues in HR-mediated DSB repair is to promote DNA-end resection 4 ,5 in a cell-cycle dependent fashion 6, 7 . Accumulating evidence from studies in budding yeast supports a model where the CtIP orthologue, Sae2, is required for effective resection of DNA ends that are blocked by a lesion or the presence of bound proteins 8, 9 . The critical function of CtIP/Ctp1/Sae2 at DNA ends is carried out in close functional and physical cooperation with the DNA damage sensor and repair complex MRE11-RAD50-NBS1 (MRN, where NBS1 is Xrs2 in budding yeast) [10] [11] [12] [13] [14] [15] association that has remained remarkably conserved over a billion years of evolutionary history. Furthermore, the crystallographic analyses reveal that tetramerisation is mediated by short sequence motifs present at the start of parallel coiled-coil segments located in the amino-terminal regions of both CtIP and Ctp1. The splayed ends of two coiled-coil dimers come together in an interlocking interaction, generating a tetrameric arrangement of protein chains that is best described as a dimer-of-dimers architecture ( Aromatic and hydrophobic residues F20, L23, W24 and L27 (W12, V15, Y16
and L19 in Ctp1) generate a stable hydrophobic core by intermeshing interactions that result from the antiparallel packing of the tetramerisation helices in the four CtIP chains (Fig. 1C) . In Ctp1, the tetramerisation domain is extended by one additional helical turn spanning leucine residues 22 and 23.
The transition from coiled-coil structure to the splayed helices of the 
Functional implications of CtIP tetramerisation
The best-characterized cellular phenotype of human CtIP deficiency is a profound defect in DNA-end resection, resulting in impaired DNA repair for all pathways that require generation of single-stranded DNA overhangs at a DSB site. These include HR by gene conversion 5 or single-strand annealing 26 , as well as microhomology-mediated end-joining (MMEJ; also known as alternative end-joining 26 ). In yeast, Ctp1 or Sae2 mutants are also hypersensitive to DNA-damaging agents 27, 28 and show defective resolution of meiotic recombination intermediates 29, 30 .
We exploited our structural insight into CtIP oligomerisation to design a singleresidue substitution, replacing leucine at position 27 with glutamate, which prevented tetramer formation whilst preserving CtIP's ability to dimerise.
Remarkably, we found that the L27E CtIP mutant phenocopies CtIP deficiency in terms of defective resection and gene conversion 19 , highlighting the critical role of the tetrameric CtIP architecture for recombinational DNA repair. Interestingly, the L27E CtIP mutant also shows a strong defect in accumulating at DNA-damage sites 19 , providing a molecular explanation to the functionally-null phenotype observed in the complementation assays.
Why would CtIP's accrual at DNA-damage sites depend on its tetrameric state? CtIP localization to DSBs is thought to occur in two different ways:
through recruitment by the NBS1 component of the MRN complex 31, 32 and by direct interaction with the Fanconi Anemia related protein FANCD2 33, 34 .
However, L27E CtIP shows no defect in its interaction with either NBS1 19 or FANCD2 (our unpublished data). We note that the conserved C-terminal domain (CTD) of CtIP and Ctp1 can bind DNA 19, 20 and that mutation of Ctp1 residues critical for DNA binding causes hypersensitivity to DNA-damaging agents 20 . The tetrameric architecture adopted by CtIP/Ctp1 thus appears well suited to simultaneously position multiple CTDs on distinct DNA molecules.
Although a CtIP tetramer could in principle locate its CTDs on four different DNA molecules, we favour the possibility that a 'dimer of dimers' CtIP could locate pairs of CTDs at the two ends of a DNA DSB 20 , in preparation for simultaneous processing of DNA ends (Fig. 2) . Thus, tetrameric CtIP would help link DNA ends while at the same time providing two copies of its CTD to promote end-resection, a task shared with the MRN complex, which also contains dimeric versions of its core components MRE11 and RAD50 CtIP is about three times larger than Ctp1 (Fig. 1A) , and in general a direct correlation is observed between organismal complexity and size of the CtIP 
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